Background-Alzheimer's disease (AD) is associated with changes in cerebral white matter (WM) but the functional significance of such findings is not yet established. We hypothesized that diffusion tensor imaging (DTI) might reveal links between regional WM changes and specific neuropsychologically and psychophysically defined impairments in early AD.
Introduction
Alzheimer's disease (AD) is a clinically diverse neurodegenerative disorder associated with prominent impairments of memory, attention, and perception. The histological description of AD neuropathology was described one hundred years ago (1) and the molecular composition of AD lesions is the subject of intensive scrutiny (2) . Tremendous effort is directed at developing methods for the early diagnosis of AD in the hope that early interventions in highrisk populations will provide the greatest opportunities for effective treatment.
MRI based diffusion tensor imaging (DTI) can assess the integrity of WM tracts that sustain early damage in AD, possibly reflecting the selective vulnerability of cortico-cortical connections (3) (4) . DTI studies of AD have revealed significant changes in sub-cortical parietal (5) (6) (7) (8) , temporal (9) (10) (11) , and callosal WM. The loss of WM integrity in AD has be linked to global cognitive decline (12) (13) (9) (14) with evidence for more specific links between delayed verbal recall and WM changes in the left centrum semiovale, temporal, and hippocampal regions (15) (16) .
Our previous work demonstrated links between functional impairment in AD and neuropsychological, psychophysical, and neurophysiological changes (17) . We developed a model of impaired information processing in AD linking functional changes to conduction delays in posterior cortico-cortical networks (18) known to show early AD pathology (3;4) . We hypothesized that OA and AD patients differ with respect to the relationship between neuropsychological and perceptual impairment and posterior cortical WM integrity. We find evidence that WM integrity in posterior cortical areas is related to functional losses that are specific to early AD, whereas WM integrity in frontal and middle cortical areas is related to functional losses shared by both OA and early AD patients.
Method Subject Groups
We studied 14 patients with Alzheimer's disease (AD) (eight men, six women) and 18 normal older adult (OA) control subjects (nine men, nine women) without ophthalmologic or other neuropsychiatric disorders (Table 1 ). All subjects had normal, or corrected to normal, visual acuity and contrast sensitivity without significant group differences. We recruited mildly impaired AD patients, Mini-Mental State Examination (MMSE) ≥ 20 from the clinical programs of the University of Rochester Alzheimer's Disease Center. Probable Alzheimer's disease diagnosis was based on National Institutes of Neurological Diseases and Stroke criteria (19) and included the documentation of a verbal memory impairment as well as a deficit in at least one of the following domains: aphasia, agnosia, apraxia, or disorganization/dysexecutive capabilities. OA subjects were recruited from programs for the healthy elderly or were the spouses of AD patients. Informed consent was obtained from all subjects before their enrollment. All procedures were approved by the University of Rochester Medical Center, Research Subjects Review Board.
Subject Testing
All tests were administered in the Visual Orientation Laboratory of the Strong Memorial Hospital, Rochester, New York in two 90 minute sessions: Session 1: Neuropsychological Tests-We used a battery of eight neuropsychological tests to provide standardized assessments of cognitive function in all OA and AD subjects. Verbal Paired Associates Test I from the Wechsler Memory Scale -Revised (WMS-R) (20) was used to evaluate immediate and delayed recall for word pairs. The WMS-R Figural Memory test was used to evaluate immediate visual recognition memory. Categorical Name Retrieval test of animal names in one minute was used as a test of verbal fluency. The Money Road Map test (21) was used as a test of topographic orientation with subjects using a pencil to trace a route on a map while identifying left and right turns. The Judgment of Line Orientation test (22) was used to evaluate the visual processing of spatial relations. The Facial Recognition test (22) was used to evaluate the visual processing of complex figures The MMSE (23) was administered by one of the investigators in the course of making the clinical diagnosis of AD within four weeks of laboratory testing and was not repeated for this study. Session 2: Basic Visual Tests-All subjects underwent visual testing to assess the comparability of subject groups. Monocular visual acuity was tested to confirm acuity of at least 20/40. The better eye was used for all subsequent testing that included monocular contrast sensitivity testing at five spatial frequencies from 0.5 to18 cycles/° (VisTech Consultants, Inc.). Contrast sensitivity functions were obtained under the standard lighting conditions as required for conversion to equivalent acuity units. All subjects generated CSF curves that satisfied criteria for using the approach to equivalent acuity units and yielded contrast sensitivities in the normal range (see http://www.agingeye.net/cataract/Vistech2.pdf).
Psychophysical Visual Motion Stimuli-Subjects underwent psychophysical testing to determine their visual motion coherence thresholds for horizontal and radial (inward/outward) motion using left/right two-alternative forced-choice discrimination paradigm. Horizontal motion stimuli consisted of leftward or rightward moving dots. Radial motion stimuli consisted of dots moving in a radial pattern either out from or in to a center of motion on the horizontal meridian, 20° to the left or right of the centered fixation point. The horizontal and radial motion patterns were intermixed with random dot motion. The percentage of coherently and randomly moving dots varied between trials for the determination of motion coherence thresholds. Individual dots were randomly assigned to coherent or random motion in each frame. All stimuli contained 2000 white dots (.4° × .4°, 2.69 cd/m 2 ) projected on a dark background and covering the central 40° × 60° of the visual field with the same dot density, luminance, contrast, and average dot speed (30°/s).
Psychophysical Testing Paradigm-Subjects sat facing an 8 ft × 6 ft rear-projection tangent screen on which a TV projector (Electrohome, Ontario) presented a 60 Hz frame rate animated sequence. Motion coherence thresholds were obtained using the technique of parameter estimation by sequential testing (24) (25) run initially for 20 trials with a seed value based on pilot data from that subject group (80% coherence for Alzheimer's disease subjects and 50% coherence for young and older normal groups). Each subject's preliminary threshold was used to seed a subsequent series of 50 trials to yield their final threshold. Threshold was the percentage of dots in coherent motion in stimuli ((coherently moving dots / (coherently moving dots + random dots)) * 100) yielding 82.5% correct responses, reflecting Weibull fits to psychophysical responses.
Trials began with an audible tone and a centered fixation spot (0.5°). Eye position was continuously monitoring by infrared oculometry (ASL, Inc) which was used to interrupt and delete all trials in which gaze moved beyond the central 10°. All subjects maintained stable fixation during testing with few aborted trials. During central fixation, a visual motion stimulus was presented for 1 s and was followed by a pair of audible tones prompting the subject's left or right button press to indicate the direction of horizontal motion or the center of motion in radial motion within 4 s. Subjects were asked to make their best guess if unsure of the correct response.
MR Imaging Protocol
MRI Acquisition-All MR examinations were performed on a GE Signa 1.5 T MR scanner with echo-speed gradients (GEMS, Milwaukee, WI). All subjects were screened to ensure that they did not have any metallic implants, shrapnel, pacemakers, etc. before they took part in magnetic resonance studies. A quadrature head coil was used for all image acquisitions. All subjects were scanned with the following pulse sequences: (1) A three-orientation scout imaging sequence for localization; (2) 3D Coronal fast SPGR sequence for whole brain anatomy, with variable bandwidth and enhanced dynamic range, TR/TE/FA=19/min/25°, 256×256 matrix size, slice thickness=1.2mm, FOV=24cm, loc/slab=128; (3) Whole brain DTI imaging in coronal orientation, with a single-shot pulsed-gradient spin-echo echo-planar imaging sequence and the following parameters: TR/TE = 4000/116 ms, matrix size = 128×128, FOV = 24 cm, thickness=7mm, with no gaps, and with 2 repetitions in each diffusion orientation. Diffusion weighting was applied in 20 different non-collinear orientations with diffusion sensitizing factor b=1000 s/mm 2 . In addition three images with b=0 were also acquired. Images cover anatomic structures including the sub-cortical WM in the bilateral, frontal and posterior parietal areas, bilateral fronto-posterior parietal superior bundles, bilateral anterior and posterior cingulum, and the anterior (genu) and posterior (splenium) portion of CC.
DTI Processing
Before tensor calculation, DTI images were corrected for intra-protocol motion artifacts and eddy current distortions introduced by diffusion weighting gradients.
DTI parameters-From all diffusion-weighted images, the general diffusion tensor was first diagonalized, and the eigenvalues λ1, λ2, and λ3 for every image pixel were calculated. As index of degree of anisotropy, we are using fractional anisotropy (FA, dimensionless, ranging from 0.0 for perfectly isotropic diffusion, to 1.0 for perfectly anisotropic diffusion), which is defined as where <D> is the average of the trace of the diffusion tensor:
Regions of interest (ROI) Procedures
All measurements were obtained with a home made software based on the b0 and directional colored FA images for each subject. Images were displayed on standard computer monitor and each ROI was manually outlined using a mouse guided crosshair. We manually delineated each subject's ROIs from b0 and FA maps in part to minimize partial volume effects and in part due to the lack of detectable anatomical landmarks on T1 images for some WM tracts (e.g., superior longitudinal fasciculus, internal capsule). Manual delineation of the ROIs was performed by two of the authors (H. N. and V. K.) who were unaware of the subjects' diagnoses but yielded inter-rater reliability between .85 and .91 across all ROIs. Subsequent analyses did not show any significant differences between their DTI measures (i.e., number of voxels per ROI, magnitude of DTI measures).
Fractional anisotropy (FA) and mean diffusion rate <D> from DTI of white matter (WM) were measured in the ROIs which were defined with respect to the CC and thus standardized across the participants. The rules for location of each ROI are described bellow. For all ROIs we used a low pass filter to select only pixels with <D> <=1.7. All ROIs were manually outlined from coronal sections (Figure 1 ).
Sub-cortical White Matter (SWM)-SWM was evaluated in 2 regions from a single slice. In both cases, the cortical ribbon was defined by a line drawn on b0 maps which followed the border between WM and cortex grey matter (i.e., the line between light and dark grey) ( Figure  1 , bottom panels). In the rostral region, WM boundary was drawn above tentorium. To reduce the effects of gray matter and cerebrospinal fluid we used a high pass filter based on FA values so that the pixels with FA < 0.15 were excluded from the ROIs.
Anterior SWM was defined in the slice anterior to the most anterior section showing the corpus callosum (CC). On average, the anterior SWM slice was comprised of 1800 voxels. Posterior SWM was defined in the slice posterior to the most posterior section showing the CC. On average, the posterior SWM slice was comprised of 2800 voxels.
White Matter Tracts-FA and <D> from DTI images were measured in the following regions of interest (ROI): 1. Bilateral superior longitudinal fasciculus as a part of frontoparietal network connectivity. 2. Bilateral anterior and posterior cingulum involved bidirectional projections. 3. Anterior (genu), mid-body, and posterior (splenium) portions of the CC (Fig 1.  A, B, C) . Locations of the ROIs for all WM tracts were standardized across all the subjects to the midpoint of the anterior CC, the mid-body CC, and the posterior CC.
Callosal White Matter-We defined three ROIs in CC (anterior, mid-body and posterior CC) which were outlined on direction colored coronal FA maps of the CC (Figure 1 A, B, C) . Anterior CC was defined as the three adjacent slices centered at the middle of the genu and, on average, comprised 230 voxels. Mid-body CC was defined as the three adjacent slices centered at the middle of the longitudinal extent of the CC and, on average, comprised 130 voxels. Posterior CC was defined as the three adjacent slices centered in the middle of the splenium and, on average, comprised 450 voxels.
Intra-hemispheric Association White Matter Tracts-In addition to studying interhemispheric WM, we also measured DTI signal in two intra-hemispheric tracts: the cingulum (CIN) and the superior longitudinal fasciculus (SLF). These tracts were studied in both hemispheres and in middle and posterior segments. After finding very similar measurements from both sides, we averaged the measures from the left and right CIN to obtain a single CIN measurement, and we averaged the measures from the left and right SLF to obtain a single SLF measurement. Measurements for middle and posterior portions of these tracts, known to include distinct cortico-cortical fiber bundles, yielded different values and were treated separately. The outline for cingulum was a circular cross-section just above the midline of CC. For outlining the SLF we used MRI Atlas of Human White Matter (26) which locates the SLF laterally to the CC. On average, the cingulum was comprised of 120 voxels, 60 voxels for the middle and posterior ROIs, whereas the SLF was comprised of 300 voxels, 150 voxels for the middle and posterior ROIs.
Statistical Analyses
Statistical analyses were conducted using commercial software SPSS (27) . Differences between the AO and AD groups on neuropsychological and perceptual tests were evaluated by Student's t-tests for non-paired data as well as with nonparametric Mann-Whitney tests. We used a multivariate ANOVA with outcome variables of FA and <D> and between subjects factors of ROI (nine levels) and subject group (two levels). We also applied Student's t-tests to compare each ROI between the two subject groups with Bonferroni correction for multiple comparisons. Pearson's correlation coefficient (r) was used to evaluate the relationship between FA and <D> at each ROI and to evaluate the relationship between FAs and <D>s across all ROIs.
Multiple linear regression was used to evaluate possible relationships between performance measures, considering neuropsychological and perceptual tests separately, and the FA DTI measures from all ROIs. We used the forward stepwise model selection method with significance levels of 0.05 for variable entry and 0.10 for variable retention. We adjusted for the impact of multiple analyses by using the Bonferroni-Holm procedure for confirming significance in sequential testing (28) . The procedure provides statistical comparisons of our two subject groups across the multiple regions of interest without assumptions about the underlying distribution of DTI measures in these populations. This procedure uses sequential comparisons between groups by consecutively adjusting critical p values until the observed p value exceeds adjusted p value. In this manner Bonferroni-Holm procedure limits the probability of making even one type 1 error, an erroneous conclusion that the groups differ when they do not. In this sense, it is a conservative approach as it sacrifices sensitivity to type 2 errors, concluding that the groups do not differ when they do. We chose this approach in consideration of our small sample size. All reported results satisfied this additional requirement for ascertaining statistical significance. Neuropsychological test scores were available for all but one AD patient, while the radial motion perceptual scores were not available for one control subject and two AD patients.
Results

Performance Measures
AD patients scored significantly lower on all the neuropsychological tests (p < .01), confirming their cognitive impairment (Table 1) . AD patients also performed significantly worse on tests of motion perception with significantly elevated thresholds for left-or rightward horizontal motion (p = .04), outward left-or right-sided center of motion radial optic flow (p = .007), and interleaved in-and outward radial optic flow with left-or right-sided center of motion (p < . 0005) (Figure 2 ), replicating our previous findings (29) (30) (17). The neuropsychological and psychophysical measures were not correlated, supporting the view that these approaches assess separate aspects of AD impairment.
DTI Analyses
We obtained the FA and <D> measures at each ROI by averaging across the corresponding voxels. We tested for mean differences between the left and right hemisphere ROIs for the cingulum and the superior longitudinal fasciculus and did not find significant differences. Thus, we averaged DTI values from the left and right side to derive composite measures for unilateral fiber tracts.
Differences between the AD and OA groups were assessed using MANOVA separately for FA and <D> applied to the nine ROIs. As expected, results yielded significant ROI effects [F (5.14, 159.2) = 168.09, p < .001] for FA and [F(4.65, 144) = 199.06, p < .001] for <D>. However, analyses for group differences did not show significant results neither for FA [F(9, 22) = .97, p < .49] for <D> [F(9, 22) = .96, p < .49]. When testing for the group differences, MANOVA also showed that our observed power was only .40 for both dependent measures. There were no significant ROI by group interactions for FA or <D>. Student's t-tests comparing groups at each ROI yielded: posterior sub-cortical FA of t = 2.65 (p = .01) and <D> of t = 2.03 (p = .05), and posterior CC FA of t = 2.7 (p = .01). Bonferroni correction for multiple comparisons yielded a critical p value of .006, showing that these group differences were not statistically significant (Figure 3) . Thus, we conclude that DTI measures of WM integrity do not detect significant differences between OA and early AD patients.
We assessed the regional specificity of DTI measures by examining correlations across ROIs in FA and <D> (Table 2) . These analyses revealed a high degree of regional specificity of FA with significant correlations only between nine of the 36 combinations of ROIs with seven of those nine cases relating contiguous ROIs. In contrast, <D> and its constituent measures of axial and radial diffusivity, showed extensive patterns of significant correlation across ROIs: <D>, all 36 combinations; axial diffusivity, 33 of 36; radial diffusivity, 26 of 36. This evidence of collinearity of <D> across ROIs led us to focus on the more regionally specific FA measures in subsequent analyses.
Linking Performance and DTI
To evaluate the functional significance of WM integrity we used stepwise multiple linear regressions to characterize the relationships between FA and performance on neuropsychological and perceptual tests for the OA and AD groups and across subject groups using the Bonferroni-Holm procedure to adjust for multiple tests (Table 3 ). These analyses showed that for elderly subjects decreased FA in the anterior callosal and middle cingular ROIs was correlated (p < .01) with poorer performance, increased thresholds, on in/out radial motion processing. In contrast, AD patients' decreased FA in the anterior and middle CC and anterior subcortical ROIs was strongly correlated with poorer performance, decreased scores, on tests of Figural memory (p < .002) and Facial recognition (p < .001). Thus, both groups showed behavioral declines linked to overlapping anterior cerebral regions but in different cognitive domains.
The differences between the OA and AD groups are more readily discerned in stepwise multiple regressions across groups. This analysis revealed that the DTI measures that distinguished the groups were decreased FA in the posterior callosal and posterior sub-cortical ROIs and that that these values were robustly associated with poorer performance on tests of delayed verbal recall, verbal fluency, figural memory, and in/out radial motion processing. Thus, the within each group, functional capacities varied mainly with anterior FA, but between the two groups, functional capacities varied mainly with posterior FA.
Discussion
The major finding of this study is that anterior and middle WM integrity is linked to functional decline both in OA and AD subjects. In contrast, posterior cerebral WM integrity is linked to functional losses that distinguish OA from AD subjects. In OA subjects, middle cerebral WM integrity is correlated with group variability in visual motion processing capacities. In AD patients, anterior and middle cerebral WM integrity is correlated with group variability in stationary visual form processing. However, we should emphasize that the differences between the OA and AD groups, includes variation in those domains as well as in verbal memory and fluency, all of which are correlated with changes in posterior cerebral WM integrity (Table 3) .
Our findings are consistent with evidence of WM deterioration, seen as declining FA, in anterior cortical regions during healthy aging (31) (32) . Such studies highlight aging effects in the anterior corpus callosum with the relative sparing of posterior portions and smaller declines in the splenium (33) that result in an apparent peak of FA decline in the genu at the level of the anterior commissure (34) . In other hands, age-related decline in FA has been found in the genu but not in the splenium or in adjacent fronto-parietal cortical areas (35) . The relationship between WM changes and FA alterations are not well-understood. DTI signals reflect the mobility of water in tissue with decreases in FA potentially mediated by increased extra-cellular fluid following the Wallerian degeneration of axonal fibers secondary to neuron loss (36) . WM changes might also be a primary pathophysiological event, with secondary gray matter degeneration (37) . Our findings highlight recognition that discrete WM changes are not required to reveal links between WM integrity and function.
We can not confirm the anterior regionality of WM changes in aging as we did not study younger comparison groups. Our focus is on the relationship between DTI measurements of WM deterioration and functional decline in aging. We have found a link between anterior and middle WM integrity and optic flow perception in aging that may reflect the attentional modulation of posterior extrastriate visual motion processing (38) (39) (40). This hypothesis is consistent with our finding electrophysiological evidence of posterior cortical disinhibition, consistent with the loss of top-down anterior cortical control, in the earliest stages of late-life cognitive decline (41) . A similar interpretation has been offered for DTI evidence of links between frontal WM changes and declining executive function in aging monkeys (42) . Thus, anterior WM changes may be linked to functional losses in aging, including declines in the top-down behavioral modulation of visual motion processing, that have potentially important links to ambulation (29) , driving (30) , and navigation (17) .
A somewhat different picture emerges from our study of AD patients who show links between anterior and middle cerebral WM changes and declines in the capacity to process stationary visual form stimuli. These correlations with facial recognition and figural memory scores may reflect the relationship between higher-order visual associative function and impaired verbal mediation common in early AD (43) (44). The lack of links to visual motion processing in AD patients could be the product of there being different visual sub-types of AD (45) . Alternatively, the more substantial decline of AD patients on our visual motion tests may result from mechanisms of impairment other than those related to the deterioration of frontal attentional mechanisms ( Table 2 ). This interpretation is consistent with direct impact of AD on posterior cortical function, possibly related to deficits in global motion integration (30).
While we can not confirm the finding that AD is associated with more significant WM alterations in posterior cortical areas (46) (12) (47) (48), our data trend in that direction. A posterior parietal concentration of WM changes in AD is harmonious with the posterior predilection for other pathological features of this disease (49) (50). We emphasize that, despite the lack of significant regional specificity of WM changes in our data, we find evidence of strong links between posterior cortical WM changes and functional decline in AD. Analyses across our OA and AD groups reveals significant links between posterior cortical WM changes and impaired performance on tests of verbal and figural memory as well as verbal fluency and optic flow perceptual thresholds. Thus, our findings are consistent with evidence of defects in posterior cortical networks of AD patients both at rest (51) (52) and during mnemonic (53), attentional (54) , and perceptual (55) activation.
The cortico-cortical connections that are the substrate of the posterior cortical networks may be specifically disrupted in AD as reflected in the FA of splenium of the CC (56) . This is consistent with evidence for the specific vulnerability of cortico-cortical projection neurons in AD (57) that are the most prominent contributors to the inter-hemispheric pathways in the corpus callosum (58) . This selective vulnerability may account for aspects of AD impairment that can be viewed as cortical disconnection syndromes (4) (59) reflecting the exclusive interaction of higher-order association areas with other cortical areas. Thus, the decreased integrity of posterior WM tracts may play a critical role in the functional competence of cognitive networks in AD.
Our study has several limitations. Cross-sectional, observational studies can not establish clear evidence of functional or structural changes with disease progression. Furthermore, partial volume effects might differentially bias DTI measures in the somewhat atrophied brains of AD patients as compared to healthy OA subjects. Finally, doubling the number of OA and AD subjects would increase the probability of finding significant effects from .4 to .8 with group differences of the magnitude seen in this study. Thus, the small sample size of this preliminary work underpowered our analyses, suggesting the conservative approach to statistical inference implemented here and encouraging our further work in this area.
We infer the existence of significant links between specific aspects of functional decline and WM integrity in early AD. The specificity of links between behavioral deficits and WM integrity may reflect our limiting our sample to patients with mild disease before more severe and widespread symptoms emerge. This highlights the potential utility of these methods for the early detection of AD. Further work is needed to confirm the links between WM integrity and decline in memory, cognitive, and perpetual function. Fractional anisotropy measures for nine ROIs in OA and AD subjects. Mean + S.E.M. (ordinate) for each ROI (abscissa) for older adults (OA) (open bar) and AD patients (filled bar). Table 1 Subject group demographics, neuropsychological test scores, and visual motion thresholds.
OA (n = 18) AD (n = 14)
Demographics Table 2 Correlations between two DTI measures across nine ROIs Regression coefficients relating neuropsychological and psychophysical findings to DTI FA in nine ROIs. 
